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I. INTRODUCTION
T HE BaBar instrumented flux return (IFR) contains over 2000 m of resistive plate chambers (RPCs) to provide muon and neutral hadron detection. The system, composed of 806 modules, is described in detail elsewhere [1] and is depicted in Fig. 1 . Both planar and cylindrical chambers are deployed.
The planar RPC structure is illustrated in Fig. 2 . These chambers are constructed of bakelite sheets separated by rows of 2-mm-thick polycarbonate spacers with cylindrical symmetry and fiberglass frame. The inner surfaces of the bakelite were treated with linseed oil for surface smoothing and possible ultraviolet (UV) absorption [2] . In the BaBar RPC production at General Tecnica [3] , the inside of each chamber was filled with a 70% oil, 30% pentane mixture, which was then slowly drained. In the original BaBar production, this procedure was repeated three times. The bakelite was selected to have bulk resistivity of 10 to 10 cm. The external surfaces of the bakelite are coated with graphite with surface resistivity of 100 k . The RPCs operated in streamer mode at voltages below 8 kV. The gas in the chambers is 4.5% isobutane, with the balance a mixture between Ar and Freon R134a (C H F ). The fraction of Freon R134a was adjusted to optimize performance and Manuscript received November 23, 2001; revised February 3, 2002 . This work was supported by the U.S. Department of Energy, National Science Foundation, Istituto Nazionale di Fisica Nucleare (Italy), and KEK (Japan).
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varied from 45% to 35%. Signals are read out capacitively, on both sides of the gap, by external electrodes made of aluminum strips on a mylar substrate. The iron is segmented into 18 plates, giving a total thickness of 65 cm in the barrel and 60 cm in the end caps. A novel feature of the BaBar detector is the graded segmentation of the iron, which varies from 2 to 10 cm, increasing with the radial distance from the interaction region. This segmentation is the result of detailed Monte Carlo studies, which have shown that muon identification at low momentum and detection improve, for a given amount of absorber, as the thickness of the iron plates decreases. Another important feature of the BaBar detector is the use of single-gap RPC modules. For a fixed number of chambers, the use of single-gap chambers optimizes the detection efficiency for and low-momentum muons. However, this optimization causes the detection efficiency for high-momentum muons to become very sensitive to the efficiency of the outermost layers of RPCs.
In the following, the problems seen in the original BaBar system (Section II) are described. Dedicated studies using test stands (Section III) and studies of the detector materials (Section IV) are then discussed. Finally, our remediation efforts (Section V) and plans for endcap chamber replacement and upgrade (Section VI) are reviewed.
II. INITIAL PERFORMANCE
Initial performance of the system was good. All planar RPCs were tested shortly after construction and before shipment from Italy to SLAC, and again prior to installation at SLAC. Plateau curves were good, efficiencies were high, and dark currents were low. All chambers had dark currents below 9 A/m at the voltage producing 90% efficiency. At operating voltage, almost all chamber efficiencies were above 96%.
The history of the chamber efficiency versus time is shown in Fig. 3 . During initial operation in the summer of 1999, the system reached unanticipated temperatures of 30 C external, and even higher within the iron gaps containing the RPCs. Currents quickly rose and exceeded the capacity of the high-voltage system, requiring many chambers to be disconnected between July and October 1999. A cooling system was installed to restore temperature control. The cooling system reduced the dark currents so that almost all of the chambers could be operated again. However, the dark currents at 20 C were now much higher. In addition, the average chamber efficiency had fallen to 80%.
Starting in 2000, the amount of Freon 134a was reduced from 45% to 40% and finally to 35% in order to increase the efficiency. This allowed a higher efficiency to be obtained at lower operating voltages, as can be seen from the increases in efficiencies in January and August 2000. Despite the changes to the gas, the overall efficiencies continued to decline linearly, as can be seen from the figure. This behavior contrasts with the experience of the L3 collaboration with similar chambers [4] . After five years of operation, the efficiency of the L3 double gap chambers remained above 96%.
Detailed efficiency maps of the individual BaBar chambers showed that much of the efficiency loss was primarily at the edges of the chamber and possibly near the rows of spacers, as shown in Fig. 4 . Investigations in dedicated laboratory tests described below showed that these were areas where excess linseed oil tended to collect. In some other circumstances, the excess linseed oil forms droplets that grow into columns, which provide a conducting path between the two bakelite plates of the chambers. This locally reduces the voltage across the gap, leading to chamber inefficiency.
III. DEDICATED LABORATORY INVESTIGATIONS
In early 2000, several dedicated studies were launched to understand the cause of the efficiency decline in the BaBar chambers. In the first studies at SLAC, six chambers that had been originally used to measure background at the BaBar interaction region were heated to 36 C, as shown in Fig. 5 . The current through the chambers was expected to increase as the resistivity of the bakelite sheets decreases by 5 C. However, in addition to this effect, the current was shown to steadily increase even though the temperature was held constant at 36 C. After the chambers were returned to room temperature, the currents were permanently higher and the efficiency reduced, as shown in Fig. 5 . Subsequent tests at Oregon showed that similar effects could occur at temperatures as low as 28 C. These tests also showed that the gas of the heated chambers could contain a large amount of water. In addition, it was confirmed that permanent efficiency loss and increased currents occurred if the chamber was heated with high voltage on. Large effects were not seen if the high voltage was left off.
Having observed the same behavior as was seen in the RPC chambers in the BaBar detector, some of the SLAC test chambers were opened. It was observed that there were hundreds of linseed oil drops, many of which had formed oil columns between the two plates of the chamber. There were also large accumulations of linseed oil trapped by the spacers. Throughout the chamber, the linseed oil was tacky to the touch, similar to paint that has not properly cured. The properties of these columns of linseed oil are discussed in the materials section. In preparation for the replacement of the RPCs in the BaBar forward endcap, prototype chambers where produced with a single coat of oil using a much larger fraction of solvent (70% pentane and 30% oil). In addition, the chambers were built with polycarbonate frames rather than the fiberglass that was used for the original production. The polycarbonate frames have higher and more constant resistivity than the fiberglass ones.
Two of these chambers were put through a temperature cycle similar to the one described above. One of the chambers had stable currents and singles rates, but the other showed a marked permanent increase in current and singles rates. This chamber was opened, and very few oil drops were found. There were white spots and oil droplets near the gas inlets. It is possible that some debris collects here during the process of drilling the holes for the gas inlets. In the production of the chambers for the BaBar endcap replacement, the gas inlets will be molded so that no drilling is needed.
In the shutdown at the end of 2000, 24 of 216 modules in the forward endcap were replaced with prototypes for the new production of the RPCs. The efficiency of the new chambers installed in the inner layers is stable. However, the modules installed in the last two layers, 17 and 18, showed significant aging, as evidenced by quickly growing dark currents and declining efficiencies. The two chambers in the outermost layer began to become inefficient after about 140 days of operation, as can be seen in Fig. 6 . The current drawn by the power supplies has two components: one from leakage through the frame and spacers, which is essentially ohmic in nature, and the other from streamers in the gas. The ohmic part of the current can be measured when the voltage of the chambers is reduced to 4500 V during injection. A model that takes into account the temperature variations, and predicts that the leakage current is proportional to the total charge seen in the gas, describes the data well, Fig. 7 . Measured average and predicted leakage current at 4500 V as a function of days since installation. The prediction is for a model with the leakage current proportional to the total current through the gas. The fluctuations are due to temperature variations, which are also included in the model. as can be seen in Fig. 7 . Unfortunately, the injection voltage was too high in the first 140 days of operation of the prototypes to allow this model to be tested in this period. It is estimated that the total charge seen by the gas in the new chambers in layer 18 for the first 140 days (about the time the detectors began to show an inefficiency) was of order 500 C/m , corresponding to 2 10 streamers/cm .
IV. MATERIALS STUDIES
Intensive investigations of the properties of the materials used in the RPCs where carried out at SLAC [5] and at Princeton [6] . The most interesting results concern the properties of the linseed oil, which are summarized in Table I . These studies show that the polymerized linseed oil has a high resistivity, comparable to that of the bakelite. However, the linseed oil that was removed from inefficient regions in the chambers has a very low resistivity. This can effectively short out the gap, producing inefficient regions, as discussed below.
Another important material study was the demonstration that uncured linseed oil could grow droplets in an electric field similar to that in the installed BaBar chambers. This was confirmed by laboratory tests at Oregon, which showed that chambers without high voltage were not damaged by moderate (35 C) temperatures. It was also shown that the droplets eventually form columns across the 2 mm gap, which provided an electrical path connecting the two plates of the chamber. The exact mechanism by which linseed oil obtains such low resistivity remains obscure.
However, it is well known from studies of oil paintings that cured linseed oil can be easily damaged by light [7] . The rate of photon production in streamers is much lower [8] , but hard UV photons and high-energy electrons from the streamer may produce similar damage to the covalent bonds in the polymerized oil in the chambers. This damage could decrease the resistance of the oil, making the inefficiency associated with linseed oil columns larger. High temperatures are expected to accelerate these changes. Infrared spectroscopy of the oil from damaged chambers was performed to check for damage to the oil [9] . The spectroscopy revealed fatty acids from the decomposition of the oil, but it also showed evidence of contamination of the oil by phthalates. Phthalates are added to products such as Tygon brand tubing to keep them flexible. They would also prevent linseed oil from curing. It is conjectured that the batch of oil continuously used in the original BaBar RPC production became contaminated by phthalates, which prevented the linseed oil from properly curing.
The simple model shown in Fig. 8 illustrates how linseed oil columns with low resistivity could lead to lower gap voltages and chamber inefficiency. If the resistance of the gap becomes comparable to that of the bakelite, the voltage across the gap will be reduced as a function of distance from the column. Fig. 9 shows a complete calculation for a column of cured and uncured linseed oil [6] . The dead area (90% of full voltage) for the uncured linseed oil extends to a radius of 2 cm, much larger than the linseed oil columns themselves.
A similar effect will also lead to larger dead areas around the spacers. In Fig. 2 , the small disks around the center of the spacers are shown. These disks were designed to reduce the surface currents on the spacers. In the case of BaBar, these disks also helped to trap linseed oil, providing a potential reservoir for the oil droplets, which grow across the gaps. The trapped oil is also more conducting than the polycarbonate spacers, leading to larger dead areas around each spacer.
The model of many conducting bridges between the two plates of the RPC explains why the efficiency will generally increase if the high voltage is increased. It also explains why moving to lower Freon concentrations in the counting gas raises the chamber efficiency. The gases with a lower fraction of Freon have a lower threshold for streamer production and thus work with a smaller value of . Studies of the surface resistivity of linseed oil showed that it could decrease by a factor of two or more as the humidity was varied between 40% and 100%. In chamber operation, it is conjectured that any water molecules in the gas would be attracted to the surfaces and decrease the surface resistivity. If there are linseed oil bridges between the two plates of the chambers, this decrease could cause inefficiency.
The current in the linseed oil is likely to be ionic in nature. Organic fatty acids can decompose and recombine in the presence of water via the reactions [5] R
If there is no water available to replace the H and O , which leaves in the detector gas, the R-COO cannot be converted back to R-COOH and the current will cease, increasing the surface resistivitity of the linseed oil. In general, this should improve the efficiency of the chambers, but in the extreme case that all of the water is removed, it is possible that electrons and ions could collect on the linseed oil surface and cause the chamber to become inefficient. There are some chambers in the BaBar detector that exhibit behavior compatible with this mode of failure. The efficiency of these chambers drops to zero at the same time as the dark current decreases. 
V. REMEDIATION STRATEGIES
Because of the difficulty in replacing the barrel portion of the RPCs, there would be great utility in finding a way to at least halt the degradation of the existing chambers and perhaps improve their efficiency. The dependence of the resistivity of the linseed oil on humidity suggests that an attempt should be made to eliminate water from the chambers. It is also reasonable to expect that O could both help to polymerize any uncured linseed oil and decrease the conductivity of polymerized oil.
Flowing 40% O through the chambers at high rates (50 cm /min) has been shown to significantly decrease the current (monitored at 1 kV) drawn by the chambers. If the model is correct, when the chamber is again filled with gas, the efficiency should increase. This increase in efficiency has been observed at Princeton on a chamber removed from the BaBar endcap and with some of the test chambers that had been temperature cycled. Unfortunately, the gain in efficiency is not permanent, and the chambers continue to lose efficiency with time, as shown in Fig. 10 . Attempts to add O to the counting gas did not halt the decline in efficiency.
A similar remediation technique has also been tried at SLAC on some of the BaBar chambers in the backward endcap. No improvement in current or efficiency was seen; however, this may be due to the lower flow rates and the fact that dry air contains only 21% O . Measurements of the humidity of the gas leaving the chambers on the test stands show that it is at the 0.5% level. Because of the large amount of water that may be stored in the bakelite, it may take many months to dry a chamber.
VI. ENDCAP UPGRADE PLANS
In the next BaBar shutdown, the old RPCs in the forward endcap will be removed. In five of the forward layers, additional absorber (leaded brass) will be added to alternate gaps. In addition, a 2.5-cm steel plate will be placed behind the deepest layer to provide shielding from beam background. Monte Carlo studies show that the upgrade will significantly improve the muon efficiency and backgrounds for the highest momentum muons.
New production RPCs will be placed in the remaining gaps. In the two deepest layers, two chambers will be placed in each gap for redundancy. The new RPCs are presently under construction. Special quality-control measurements are in place to avoid introducing dust into the gas volume during construction and to filter the oil used for the inner coating. A fraction of the completed RPC chambers will be "opened" to inspect the linseed oil coating. A test stand has been constructed at the factory to allow the chambers to be tested with cosmic rays as soon as they are completed.
VII. CONCLUSION
In the original BaBar RPC production, the inner linseed oil coat was thick (40 m) and did not cure properly. There were also large accumulations of oil near the spacers. Chambers under voltage were susceptible to damage from elevated temperatures (28 C to 30 C). In many chambers, conducting columns formed between the two plates of the RPCs, resulting in declining efficiencies. This mode of failure has been reproduced in the laboratory. It is not yet known what fraction of the problems seen in the BaBar detector are caused by this mode of failure. Additional problems may have been caused by the elevated temperatures, which increased rates of harmful chemical reactions.
The presence of contaminates in the BaBar linseed oil may explain why the same production techiques were successful for the L3 RPC chambers but caused problems for BaBar chambers.
In some cases, it has been possible to improve the efficiencies of damaged RPCs by flowing an N /O mix through the chambers at high rates. This can increase the resistivity of the linseed oil coating and decrease the dead zone around columns of oil, which bridge the gap in the RPCs. Unfortunately, this gain does not appear to be permanent.
New prototype RPCs for the endcap upgrade were produced with much thinner coatings of the linseed oil. The coating on these chambers cured completely. These chambers were less susceptible to damage by heating, but apparently more prone to aging. The construction of chambers with thinner linseed oil coatings has a lower tolerance to contamination from dust and particles produced by drilling holes for gas inlets and outlets. In the RPC production run currently under way for the endcap replacement, several modifications to the production procedure have been made to avoid these problems.
